MICRON.071DV1 PATENT 
FIELD EMISSION DISPLAY WITH SMOOTH ALUMINUM FILM 

Background of the Invention 
[0001] This is a divisional application of co-pending U.S. Application Serial 
No. 09/243,942 filed on February 4, 1999^ fJ 9W (A.*, ^fun^ fV/fl. ^5} 7 ^7 
Field of the Invention 

[0002] This invention relates to forming smooth aluminum films, and more 
particularly, to a method of depositing aluminum having a subphase of aluminum nitride to 
produce a hillock-free aluminum film. 
Description of the Related Art 

[0003] Metallic films are commonly used to form interconnects on integrated 
circuits and for display devices such as field emission displays (FEDs). Aluminum is a 
popular material choice for such films because of its low resistivity, adhesion properties, and 
mechanical and electrical stability. However, aluminum also suffers from process-induced 
defects such as hillock formation which may severely limit its performance. 

[0004] Hillocks are small nodules which form when the aluminum film is 
deposited or subjected to post-deposition processing. For example, hillocks can result from 
excessive compressive stress induced by jthe difference in thermal expansion coefficient 
between the aluminum film and the underlying substrate used during post-deposition heating 
steps. Such thermal processing is typical in the course of semiconductor fabrication. Hillock 
formation may create troughs, breaks, voids and spikes along the aluminum surface. Long 
term problems include reduced reliability and increased problems with electromigration. 

[0005] Hillocks may create particularly acute problems in the fabrication of 
integrated FED and similar devices. Many FEDs comprise two parallel layers of an 
electrically conductive material, typically aluminum, separated by an insulating layer to 
create the electric field which induces electron emission. The insulating film is deliberately 
kept thin (currently about 1-2 pm), to increase the field effect. Hillock formation in the 
underlying aluminum layer may create spikes through the insulating layer, resulting in a short 
circuit and complete failure of the device. 

[0006] Some efforts have been made to reduce or prevent the formation of 
hillocks in aluminum films. For instance, alloys of aluminum with Nd, Ni, Zr, Ta, Sm and 
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Te have been used to create aluminum alloy thin films which reduce the formation of 
hillocks. These alloys, however, have been unsatisfactory in producing low resistivity metal 
lines while still avoiding hillock formation after exposure to thermal cycling. 

[0007] Accordingly, there is a need for a smooth aluminum film having low 
resistivity suitable for integrated circuit and field effect display technologies. In particular, 
the aluminum film should remain hillock-free even after subsequent thermal processing. 
Summary of the Invention 

[0008] The needs addressed above are solved by providing aluminum films, and 
methods of forming the same, wherein a non-conductive impurity is introduced into the 
aluminum film. In one embodiment, the introduction of nitrogen creates an aluminum nitride 
subphase to maintain a substantially smooth surface. The film remains substantially hillock- 
free even after subsequent thermal processing. The aluminum nitride subphase causes only a 
nominal increase in resistivity, thereby making the film suitable as an electrically conductive 
layer for integrated circuit or display devices. 

[0009] In one aspect of the present invention, a method of forming an electrically 
conductive metal film for an integrated circuit is provided. The method comprises depositing 
pi an aluminum layer onto a substrate assembly, and introducing nitrogen into the aluminum 

p layer while depositing the layer. 

J; [° 01 °] In another aspect of the present invention, a method of depositing an 

fli aluminum film onto a substrate assembly is provided. The method comprises supplying an 

inert gas and a nitrogen source gas into a sputtering chamber. The chamber houses the 
substrate assembly and an aluminum target. The aluminum film is sputtered onto the 
substrate assembly. In one preferred embodiment, the resultant aluminum film incorporates a 
sub-phase of aluminum nitride. Exemplary gases introduced into the chamber are Ar and N 2 . 
Desirably, H 2 is also introduced to further suppress hillock formation in the sputtered film. 

[0011] In another aspect of the present invention, an electrically conductive 
aluminum film in an integrated circuit is provided. This film comprises aluminum grains and 
about 2-10% nitrogen. In one preferred embodiment, the film has a resistivity of between 
about 5 and 10 jjQ cm. 

[0012] In another aspect of the present invention, a field emission device is 
provided with a smooth, electrically conductive aluminum layer. The device includes a 
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faceplate and a baseplate, and a luminescent phosphor coating applied to a lower surface of 
the faceplate to form phosphorescent pixel sites. A cathode member is formed on the 
baseplate to form individual electron-emission sites which emit electrons to activate the 
phosphors. The cathode member includes a first semiconductor layer, an emitter tip, an 
aluminum layer surrounding the tip and incorporating nitrogen, an insulating layer 
surrounding the tip and overlying the aluminum layer, and a conductive layer overlying the 
insulating layer. 

[0013] In another aspect of the present invention, an electrically conductive 
aluminum wiring element is provided. The film comprises aluminum grains and about 5 to 
8% nitrogen in an aluminum nitride subphase. The film has a resistivity of less than about 12 
yQ-cm and a surface roughness of less than about 500 A. 

M, 

P; Brief Description of the Drawings 

p. 

jjp [0014] FIGURE 1 is a schematic diagram of a field emission device 

Q incorporating a smooth aluminum film according to a preferred embodiment of the present 

i "J 

2: invention. 

f y [0015] FIGURE 2 is a schematic diagram of a sputtering chamber used to form 

D the smooth aluminum film according to a preferred embodiment. 

5 s 

Rj [0016] FIGURE 3 is an XPS profile of an aluminum layer formed in accordance 

JC; with the preferred sputtering method. 

fU Detailed Description of the Preferred Embodiments 

[0017] The preferred embodiments describe a smooth aluminum film used as an 
electrically conductive material for integrated circuit and display devices, and methods of 
manufacturing the same. The term "aluminum film" as used herein refers not only to a film 
consisting purely of aluminum, but also to an aluminum film having small amounts of 
impurities or alloying materials. For instance, an aluminum film containing aluminum 
nitride, as described in the preferred embodiments below, is an "aluminum film" as 
contemplated by the present invention. 
Field Emission Displays 

[0018] Aluminum films are particularly useful in devices such as flat panel field 
emission displays. Field emission displays are currently being touted as the flat panel display 
type poised to take over the liquid crystal display (LCD) market. FEDs have the advantages 
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of being lower cost, with lower power consumption, having a better viewing angle, having 
higher brightness, having less smearing of fast moving video images, and being tolerant to 
greater temperature ranges than other display types. 

[0019] FIGURE 1 shows an emitting unit of an FED 10. The FED 10 comprises 
a faceplate 12 and a baseplate 14. A luminescent phosphor coating 16 is applied to the lower 
surface of the faceplate 12 to form phosphorescent pixel sites. Electrons 18 from a cathode 
member 20 bombard the coating 16 to cause phosphorescence. The field emission cathode 
20 generally comprises a base or substrate 22, an emitter tip 24, a conductive layer 26, an 
insulating layer 28, and a gate material 30. The skilled artisan will understand that multiple 
emitters can form one pixel with greater brightness than a single emitter. Furthermore, a 
plurality of pixels across the FED 10 are illuminated in a pre-determined spatial and temporal 
pattern to produce an image. Further details regarding FEDs are disclosed in U.S. Patent No. 
5,372,973 (the '973 patent"), the disclosure of which is hereby incorporated by reference in 
its entirety. 

[0020] The base or substrate 22 is preferably made of glass, though the skilled 
artisan will recognize other suitable materials. The emitter tip 24 is preferably a single 
crystal silicon material. The conductive layer 26 and the gate material 30 both preferably 
comprise metal films. More preferably, the layers 26 and 30 are aluminum films 
incorporating a non-conductive impurity having the preferred composition and formed 
according to the preferred method described below. Thus, the aluminum film 26 preferably 
comprises about 2 to 10% nitrogen. In contrast to resistive aluminum nitride films (with 
resistivities of greater than 10 Q-cm), the illustrated aluminum film comprising nitride is 
conductive, and preferably has a resistivity of less than about 12 pQ-cm. 

[0021] In the illustrated FED 10, a resistive layer 32 overlies the aluminum film 
26, preferably comprising B-doped silicon. The insulating layer 28 may be a dielectric oxide 
such as silicon oxide, borophosphosilicate glass, or similar material. The thickness of the 
insulating layer 28 is preferably about 1 to 2 |im. As illustrated, a layer 34 of grid silicon is 
formed between the dielectric layer 28 and the gate layer 30. 

[0022] The individual elements and functions of these layers are more fully 
described in the '973 patent. 



Preferred Aluminum Film Composition 

[0023] As described above, aluminum films are used for electrically conductive 
layers in FED devices. Aluminum films are also employed as contacts, electrodes, runners or 
wiring in general in integrated circuits of other kinds (e.g., DRAMs, micro-processors, etc.). 
In the preferred embodiment of the present invention, an aluminum film suitable for an FED 
or other IC device incorporates a non-conductive impurity into the film. More particularly, 
an aluminum film having low resistivity preferably contains about 2% to 10% nitrogen, more 
preferably about 5% to 8%, in an aluminum nitride subphase. The resistivity of a film 
incorporating nitrogen is preferably less than about 12 pQ-cm, more preferably less than 
about 10 yQ-cm, and in the illustrated embodiments has been demonstrated between about 5 
)iQ-cm and 7 ]iQ-cm. 

[0024] Moreover, the aluminum film with this composition is also substantially 
hillock-free. It is believed that the presence of nitrogen in the aluminum film forms 
aluminum nitride which pins down the (110) plane of aluminum, thereby preventing hillocks 
from forming. The surface roughness of this aluminum film is preferably below about 500 
A. Measurements conducted on an aluminum film containing an aluminum nitride subphase 
with a thickness of about 0.3 jam shows that this film has a surface roughness in the range of 
about 300-400 A. It has been found that this film maintains its smoothness without hillock 
formation even after exposure to subsequent high temperature steps. For example, after 
processing at temperatures of about 300°C or greater, the aluminum film remained 
substantially hillock-free. Inspection of the films in cross-section after a pad etch disclosed 
significantly less porous films than those incorporating oxygen, for example. 
The Preferred Sputtering Process 

[0025] Aluminum films in accordance with the invention are preferably formed 
by a physical vapor deposition process such as sputtering. FIGURE 2 schematically shows a 
sputtering chamber 36 for forming an aluminum film in a preferred embodiment. The 
illustrated chamber 36 is a DC magnetron sputtering chamber, such as available from 
Kurdex. The skilled artisan will recognize that other sputtering equipment can also be used. 
The chamber 36 houses a target cathode 38 and a pedestal anode 40. The target 38 is 
preferably made of aluminum or an aluminum alloy. In the illustrated embodiment, the 
sputtering chamber 36 is provided with a substantially pure aluminum target 38. Preferably, 
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the aluminum target is at least about 99% pure, and more preferably at least about 99.995% 
pure. One or more gas inlets 42 may be provided to allow gas to flow from external gas 
sources into the chamber 36. 

[0026] The gas inlet 42 supplies the chamber 36 with gases from a plurality of 
sources 44, 46, and 48. Preferably, a heavy inert gas such as argon is provided from an inert 
gas source 44 connected to the chamber 36 to be used in bombarding the target 38 with argon 
ions. Additionally, an impurity source gas such as N 2 is provided into the chamber 36 from 
an impurity source 46. Carrier gas is preferably also provided into the chamber 36 from an 
H 2 gas source 22. 

[0027] In operation, a workpiece or substrate 50 is mounted on the pedestal 40. 
As used herein, the substrate 50 comprises a partially fabricated integrated circuit. The 
illustrated substrate 50 comprises the glass substrate 22 on which the FED base plate 14 will 
be formed {see Fig. 1). Argon gas flows into the chamber 36 at a rate of between about 25 
seem and 50 seem. N 2 gas flow is preferably between about 2 seem and 7 seem, more 
preferably about 3 seem to 5 seem. H 2 gas flow aids in maintaining the plasma, and 
preferably ranges from about 2 seem to 50 seem, The preferred chamber operates at a power 
preferably of about 1 kW to 3.5 kW, and a pressure preferably of at least about 0.1 mTorr, 
more preferably at about 0.5 mTorr to 10 mTorr. The skilled artisan will readily appreciate 
that these parameters can be adjusted for sputtering chambers of different volumes, electrode 
areas and electrode spacing. Three examples are given in the TABLE below, providing 
suitable parameters for sputtering according to the preferred embodiment. 



TABLE 





At Gas Flow 


N 2 Gas Flow 


H 2 Gas Flow 


Pressure 


Power (kW) 




(seem) 


(seem) 


(seem) 


(mTorr) 




Example One 


25 


5 


25 


0.55 


3.0 


Example Two 


50 


5 


50 


1 


3.0 


Example Three 


25 


3 


6 


0.50 


3.0 



[0028] Under the preferred sputtering conditions described above, Ar ions strike 
the target 38, liberating aluminum atoms and causing an aluminum film 52 to form on the 
substrate 50, as shown in FIGURE 2. Due to the presence of an impurity source gas (N 2 in 



the illustrated embodiment) in the chamber 36, the sputtered aluminum film 52 incorporates 
an impurity, specifically nitrogen. Of the above three examples, the conditions provided in 
Example 3 produced the most robust film. 

[0029] The film 52 thus comprises aluminum grains with an aluminum nitride 
subphase, and may also comprise a surface oxide. The surface oxide may form by 
spontaneous oxidation of the surface aluminum due to exposure to air, moisture or O2. 
Depending on the use, the sputtering conditions are generally maintained until an aluminum 
film having a thickness of about 0.01 to 1 pm, more preferably about 0.1 ]im to 0.5 jam. 

[0030] With reference to FIGURE 3, the composition of an exemplary aluminum 
film 52 formed by the preferred process is given. Due to the nitrogen gas flow, nitrogen 
content in the film 52 is at least about 2%, more preferably about 2% to 10%, and desirably 
about 5% to 8%. XPS analysis as shown in FIGURE 3 indicates that for the conditions 
given by the two examples above, nitrogen content in the aluminum film 52 is about 7% to 
8%. 

[0031] As will be understood by the skilled artisan in light of the present 
disclosure, similar nitrogen content is maintained in the three examples by adjusting the 
Ar:N 2 ratio for different chamber pressures (for a given power). Thus, where the pressure 
was kept at about 0.55 mTorr, the ratio of Ar:N 2 was preferably about 5:1 to 6:1, more 
preferably about 5:1. At about 1.0 mTorr, the ratio was preferably about 10:1 to 12:1. At a 
pressure of about 0.50 mTorr, the ratio was preferably about 5:1 to 10:1. 

[0032] Power above 3.5 kW resulted in an unstable film 52 interface with the 
preferred glass substrate 50. At the same time, power of less than 2.0 kW resulted in 
resistivities higher than about 12 pQ-cm, indicating excessive nitrogen incorporation. The 
skilled artisan will recognize, however, that the above-discussed parameters are inter-related 
such that, in other arrangements, power levels, gas ratios, pressures, and/or temperature 
levels can be outside the above-noted preferred ranges. 

[0033] Furthermore, although H 2 carrier gas flow in the sputtering process is not 
necessary, it has been found that the addition of H 2 gas acts to further suppress hillock- 
formation in the film. Thus, the film 52 has superior smoothness and a low resistivity 
making it suitable for a wide variety of semiconductor devices, and particularly for FED 
panels. The H 2 gas flow is preferably between about 15% and 100% of the Ar gas flow, and 
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in Example 3, listed in the Table above, H 2 flow at about 24% of Ar gas flow resulted in a 
robust, hillock-free film. 

[0034] The preferred embodiments described above are provided merely to 
illustrate and not to limit the present invention. Changes and modifications may be made 
from the embodiments presented herein by those skilled in the art, without departing from the 
spirit and scope of the invention, as defined by the appended claims. 
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